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We perform a general chiral symmetry and unitarity based analysis of a local process of the 
fermion-antifermion creation from the vacuum by a high-energy photon as well as an explicit partial 
wave analysis of the vector current in QED and QCD. It turns out that such a local process proceeds 
necessarily via a certain superposition of the S- and D-wave contributions. These constraints from 
chiral symmetry and unitarity are confronted then with the well-known theoretical and experimental 
results on e+e~ — » 7 ^ e+e~, e^e~ — > 7 ^ and e+e" — > 7 ^ in the ultrarelativistic 

limit. It is shown that these well-known results are consistent with the S + D-wave structure of 
the vertex and are inconsistent with the pure S-wave interpretation of the vertex. Then a free 
quark loop in the 1 channel, representing the leading term in the Operator Product Expansion, 
contains both S'-wave and D-wave contributions. This fact rules out the possibility that there is 
only one radial trajectory for the p-mesons with the fixed S-wave content. It also implies that all 
holographic models that assume a pure S'-wave content of the p-meson have to fail to satisfy the 
matching conditions at the ultraviolet border z = 0. 
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I. INTRODUCTION 

Symmetries are known to be a powerful method to 
analyse and understand physics. They suggest stringent 
constraints on dynamics in many physical systems. In 
particle physics chiral symmetry is one of the most im- 
portant ingredients. If chiral symmetry is broken spon- 
taneously then there are Nambu-Goldstone bosons, and 
many results of the soft physics can be understood as be- 
ing due to the interaction of the Goldstone bosons with 
other particles, without any necessity of knowing the mi- 
croscopical details of these interactions. A prominent 
example of this kind is the chiral perturbation theory. If, 
on the contrary, chiral symmetry is unbroken or is re- 
stored for a particular reason, then this manifest chiral 
symmetry implies stringent constraints for the dynamics, 
structure, and spectra of physical states. In particular, 
we demonstrate in this paper that such constraints ex- 
ist to the dynamics of various high-energy processes in 
QED and QCD, including such elementary ones as the 
electron-positron, muon-antimuon, or quark-antiquark 
pairs creation by high-energy photons. These vertices are 
believed to be generally local (point-like) and to have an 
S'-wave structure due to their locality (see, for example, 
Ref. [l[). Here we demonstrate that the point- like ver- 
tex of creation of a free fermion-antifermion pair from 
the vacuum by an energetic photon has a more compli- 
cated structure and that chiral symmetry together with 
unitarity require a fixed superposition of the S- and D- 
waves in such a local vertex. This implies that the leading 
term of the Operator Product Expansion (OPE) in the 
vector-isovector channel contains both S- and D-wave 



TABLE I: The complete set of qq states classified according 
to the chiral basis. The sign « indicates the states belonging 
to the same representation. 
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contributions which rules out a possibility that there is 
only one radial p-meson trajectory populated by S'-wave 
p's. It also implies that holographic models assuming a 
pure S-wave content of the p-mesons violate the standard 
AdS/CFT matching conditions at the ultraviolet border 
z = 0. 



II. CHIRAL SYMMETRY AND THE ANGULAR 
MOMENTUM CONTENT OF THE VECTOR 
CURRENT 

We start with quite general chiral symmetry based 
arguments for a fermion-antifermion system. If chiral 
Sf/(2)i X SU{2)ji symmetry is unbroken, systems with 
the fermion-antifermion valence degree of freedom, for 
example quark-antiquark states, fall into chiral multi- 
plets — see Table U for a complete classification of such 
multiplets [1, 0] ■ Here the index R determines a represen- 
tation of the SU{2)l X SU{2)r {R = (0,0), (1/2, l/2)a, 



2 



(1/2, 1/2)6, or (0, 1) + (1, 0)). Then all states are uniquely 
specified by the set of quantum numbers {R;IJ^'^} 
where we use the standard notations for the isospin /, 
total spin J as well as for the spatial and charge pari- 
ties PC. The chiral basis {R; IJ^'~^} is obviously consis- 
tent with the Poincare invariance. The sign <~+ indicates 
that both given states are members of a particular chiral 
multiplet, that is they transform into each other upon 
SU{2)l X SU{2)ii and therefore the corresponding phys- 
ical states must be degenerate. 

The chiral basis can be related, through a unitary 
transformation, to the {/; ^^'^^Lj} basis in the centre- 
of- momentum frame ^ : 

I (1) 

V 2J+1 ^o^'^' ' 

where the summation is implied in helicities of the 
fcrmion and antifermion as well as in the orbital 
angular momenta L's such that (—1)^+^ = P. Coeffi- 
cients X\^\- can be extracted from Table 2 of Ref. [3]. 
It follows immediately from Eq. ([1]) that every state in 
the chiral basis is a fixed (prescribed by chiral sym- 
metry and unitarity) superposition of allowed states in 
the {/; ^^^^Lj} basis. Basis states {R; IJ^'^} are nor- 
malised and the variables are two angles that specify a 
direction of the relative momentum of two quarks in the 
center-of-momentum frame. For instance, there are two 
kinds of the vector particles with the quantum numbers 
of the p-meson, which are represented by two orthogonal 
fixed combinations of the S- and _D-waves: 

|(0,l)-K(l,0);ll-> = ^\l;^S^) + ^\l;'D,), 

1(1/2, 1/2)^; 11-) = yi|l;35,)_y||i;3^^). 

The same decomposition obviously applies to the spatial 
components of the composite operators such as q^^Tq and 
qa'^^Tq, because they create from the vacuum the 1, 1 
states and transform as (0, 1) -I- (L 0), in the former case, 
and as (1/2,1/2)^, in the latter 

These are constraints from the SUl{2) x SUr{2) sym- 
metry. A natural question arises, what are constraints 
from' the Ul{1) x Ur[\) = Ua{1) x J7y(l)? It turns 
out that this symmetry group adds nothing new and all 
the coefficients for the S- and D-waves are exactly the 
same. One can obtain this easily from the explicit uni- 
tary transformation similar to that from Eq. ([1]). It can 
also be seen in a simpler way, however. Indeed, the state 
1(0,1) + (1,0); 1 1~) and its SUl{2) x SUr{2) part- 
ner 1(0, 1) -|- (1, 0); 1 1+^) are both invariant with respect 
to the U{1)a (the same is true, of course, for the vec- 
tor and the axial vector currents). Similarly states (or 
interpolators) from the the (0, 0) representation of the 
SUl{2) X SUii{2) group also transform into themselves 



(that is they are invariant) upon U{1)a- On the other 
hand, states (interpolators) from the (1/2, 1/2)^ repre- 
sentation transform upon U{1)a into states (interpola- 
tors) with the same isospin but with the opposite spa- 
tial parity, which belong to the (1/2, 1/2)^ representa- 
tion, and vise versa. All these properties require that the 
U{1)a symmetry together with the unitarity prescribe 
exactly the same S -\- 1?- wave decompositions of the vec- 
tor and pseudotensor currents. Hence, in the one-flavour 
case, properly normalised vector and pseudotensor inter- 
polators in the centre-of-momentum frame are also given 
by 

Wq) - \l\\''Si) + \[\?D{), (2) 

= ^-\^S,)-^-\'D{). (3) 

Here \q^^q) and l^cr^'g) are symbolic notations for the 
states \^{RR + LL); and \^{RL + LR); 1^ ), 

respectively. In such a way the U{1)l x C/(l)fl represen- 
tation is uniquely specified. 

III. e+e" fj.+fi- AS A TEST OF THE 
ANGULAR MOMENTUM CONTENT OF THE 
VECTOR CURRENT 

The above analysis is not specific for QCD and is there- 
fore applicable to any fermion-antifermion pair in the chi- 
ral or ultrarelativistic limit. So this partial wave decom- 
position, in particular that of the vector current, holds 
also for QED if one can neglect masses of fermions, such 
as electrons, muons, and so on, that is in the ultrarela- 
tivistic limit. 

A key point is that this decomposition is uniquely spec- 
ified by the chiral {U{l)v x U{1)a or SU{2)l x SU{2)r) 
symmetry and unitarity. A process of creation from the 
vacuum of a fermion-antifermion pair by a high-energy 
photon in QED and in QCD is believed to be local. 
At very short distances chiral symmetry is unbroken in 
QCD due to the asymptotic freedom, so these constraints 
from chiral symmetry should apply both to QED pro- 
cesses like e^e~ ^ e~^e~, e'^e~ — > 7 — > ^J.'^fi^ 
in the ultrarelativistic limit as well as to the process of 
the electron-positron annihilation into two jets in QCD, 
e'^e~ —tj—f qq. In the leading order the axial anomaly 
is irrelevant so the prediction from the chiral U{1)a sym- 
metry is valid. One can anticipate that due to locality 
these processes proceed through the S'-wave only. This 
expectation is in conflict with the partial wave decompo- 
sition prescribed by chiral symmetry and unitarity, how- 
ever. Then a key question is whether the partial wave 
decomposition above meets (or contradicts) the well- 
known theoretical and experimental results for these re- 
actions. In the following we demonstrate that indeed the 
local process of creation from the vacuum of a fermion- 
antifermion pair by a high-energy photon proceeds via a 
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superposition of the S- and D-waves. 

Let us consider the process of a e"'"e~ pair annihilation 
to a pair of fermions // with the electric charge Q. In 
the lowest order of the perturbation theory this process is 
simply e+e" —^j—^ ff^ so that the angular dependence 
of the differential cross-section as well as the value of 
the total cross-section will allow us to make definite con- 
clusions concerning the structure of the vector current 
responsible for this process. We stick to the ultrarela- 
tivistic limit to preserve chiral symmetry. We stress that 
predictions of chiral symmetry cannot be correct for the 
low-energy processes. One has: 



In turn, 



da 
do 



i6£;2 



(4) 



{polarisations} 



Here E is the initial energy of the electron (or positron) 
in the centre-of-momentum frame, while the sum goes 
over polarisations of all four fermions involved. It is easy 
to verify then that 



da 
do 



l&E^ 



(1 



(5) 



which is the well-known result (for Q = 1) and is a sub- 
ject of textbooks (see, for example, [6]). In this expres- 
sion the angle 9 is defined by the three-momenta of the 
produced particles with respect to the direction of motion 
of colliding particles in the centre-of-mass system. 

Our task now is to clarify whether this result is consis- 
tent with the chiral symmetry prediction ^ or it can be 
obtained assuming a pure S'-wave structure of the ver- 
tex. The latter possibility is ruled out however by the 
1 -I- cos^ 6 angular dependence of the squared amplitude. 
Indeed, cos^ 6 clearly indicates a contribution of the D- 
wave. 

To check the former possibility we have to look into 
the structure of the amplitude X^I-'^P- Traditionally 
this amplitude squared is obtained using the standard 
algebra of 7-matrices, that amounts to taking trace of 
the product of a number of matrices. In this way the 
partial wave content of the amplitude is not explicit and 
is obscured. However, exactly the same result. 



E |A1p = l + cos2 



(6) 



{polarisations} 



can be obtained with the technique of vector spherical 
harmonics Yjj^^.j {9 , ip) and Yjj^j{9,ip) (see, for example, 
Ref. Q). The harmonics Yfj^j{9,ip) are eigenf unctions 
of the operators J^, Jz, L^, and S^, where J = L + S 
and S is the spin operator for S — 1. The harmonics 
Yj^{0, ip) are not eigenfunctions of the operator but, 
instead, they are transverse (for A = 1, 0) or longitudinal 
(for A ~ —1) with respect to n{9, ip). 
There exists an identity: 



1 -|- cos" ( 



'-^\yR\9,^)\\ 



Y^l\9,ip) = ^"-Y^,{9,v) + ^^Y,\{9,^), (8) 

which has exactly the structure of Eq. Averaging 
over polarisations is equivalent to averaging over the spin 
projection M . We note that the amplitude squared with 
M = — 1 is the same as the amplitude with M = 1 given 
in Eq. ([7]). The spin projection M = is not allowed 
in a system of two massless fermions with the quantum 
numbers of q'^^q. 

Consequently we recover that the amplitude squared is 
precisely the superposition of the S- and D-waves with 
the coefficients required by chiral symmetry and unitar- 
ity. It is obvious then that the D-wave contribution can- 
not be omitted. Indeed, if we remove the D-wave con- 
tribution, then the total cross-section a will become only 
2 /3 of the correct result ^ . This is because the S- and 
_D-waves do not interfere in the total cross-section. 

We have demonstrated therefore an exact equivalence 
of the chiral symmetry plus unitarity based result and 
the standard results for the reactions e^e~ — s- 7 — s- // in 
the ultrarelativistic limit. This gives in fact a theoretical 
and experimental verification of the chiral symmetry plus 
unitarity constraint for the high-energy 7 — *■ // vertex. 
We stress that the above analysis does not apply to situ- 
ations when chiral symmetry is broken. In the latter case 
chiral symmetry breaking implies a smaller weight of the 
D-wave in the amplitude. 
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IV. IMPLICATIONS OF THE 5" + D-WAVE 
STRUCTURE OF THE LOCAL 7 ^ // VERTEX 

To our best knowledge this S + Z?-wave interpretation 
of the local 7 — > // vertex in the chiral or ultrarelativis- 
tic limit is new and deserves some attention. Certainly 
it helps to give a proper physical interpretation to many 
basic processes in QED and QCD (and in general, in par- 
ticle physics), not only those considered here. Below we 
consider some of the most straightforward implications. 



A. L is not a conserved quantum number in mesons 

Chiral symmetry is broken in the infrared, so that the 
quark-antiquark component of the p-meson is a superpo- 
sition of the (0, 1) -I- (1, 0) and (1/2, l/2)f, representations 
with the ratio close to \/2- This implies that, in the 
infrared, the wave function of the p-meson is almost a 
pure S'-wave, as it follows from the model-independent 
and manifestly gauge-invariant dynamical lattice calcu- 
lations in QCD Q. However, at high resolution scales 
— > 00, QCD is conformal and the pseudotensor in- 
terpolator decouples from the p-meson (it has a nonzero 
anomalous dimension) . Then, in the deep ultraviolet the 
angular momentum content of the p-meson is determined 
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solely by the (0, 1) + (1, 0) representation with the fixed 
superposition of the S- and D-waves. This implies that 
models which assume a fixed (conserved) angular mo- 
mentum L — for the p-mcson are not realistic and 
appear to be in odds with QCD. 



B. The OPE and the p-meson radial trajectory 

The total cross-section ([5]) is given by the imaginary 
part of the fermionic vacuum polarisation by a photon. 
It can be continued analytically to the deep Euclidean 
region — —q^ and produces a well-known leading term 
in the OPE for the two-point correlator of the vector 
current, 



n(Q2 



127r2 



In 



(9) 



The OPE has been used in many works to constrain the 
spectrum of mesons — see Ref. Q for a review. In the 
large- A^c limit all excited mesons are stable and, in the 
time- like domain s ^ , along the cut. 



OO 



J n 



(10) 



A typical assumption made was that the radially ex- 
cited p-mesons lie on the Regge trajectory, cx n, and, 
in the semiclassical regime, they have a fixed i = p^ . 
Then, under a certain assumption on the constants /„, 
the result (9) can be reproduced from the sum in Eq. 
(10). 

However, as was demonstrated above, the leading term 
in the OPE is a superposition of the S- and _D-waves 
with the weights 2/3 and 1/3, respectively. Therefore 
the spectrum of excited p-mesons cannot consist of only 
one linear Regge trajectory populated by S-wave mesons. 
If excited p-mesons are assumed to be pure S'-waves, the 
OPE cannot match the spectrum. 



C. Holographic description of mesons 

Recently AdS/QCD holographic models of hadrons 
have become very popular. The heart of the holographic 
description of hadrons, according to the AdS/CFT dic- 
tionary, is matching of the operators composed of free 
quarks and gluons with the required quantum numbers 
with their duals in AdS at the ultraviolet boundary 
2 = 0, that corresponds to the ultraviolet resolution scale 
g2 -> OO. There is no chiral symmetry breaking at z = 
and consequently composite QCD operators must sat- 
isfy the angular momentum decomposition prescribed by 
Eq. IT]). In particular, the vector current, which is typi- 
cally used in the holographic description of the p-mesons, 
is a certain superposition of the S- and I?- waves. Conse- 
quently, its dual in the bulk of the 5D AdS space which 
depends on the coordinate z and which satisfies a certain 
differential equation [ll|, must satisfy exactly the same 
S -\- D-waves decomposition at the ultraviolet boundary 
z ^ 0. We are not aware of any demonstration that 
it does. Even more, there are some popular holographic 
models jT§| which use the vector current for the p-mesons 
and assume at the same time a fixed orbital angular mo- 
mentum L = for them, even at z ^ 0. Certainly these 
models are in conflict with chiral symmetry and prescrip- 
tions of the dictionary. 
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